Pale, Soft, and Exudative (PSE) broiler breast meat has poor protein functionality, which leads to quality problems and economic loss in the poultry industry. Proteomics has been applied to characterize the biochemical mechanisms governing tenderness, color, and water-holding capacity in meat. However, the proteome basis of PSE has not yet been characterized for broiler breast meat. Therefore, this study was conducted to determine the differences in meat quality (cooking loss and shear force), descriptive sensory characteristics, consumer acceptance, and whole muscle proteome between normal and PSE-like broiler breast meat. Male Hubbard × Cobb 500 birds (n = 1,050) were raised in commercial houses. Prior to harvest, a sample of the broilers (n = 900) were subjected to short-term stress (38 • C for 2 h), and the remaining broilers (n = 150) were maintained at control conditions (21 • C for 2 h). Broiler breast (Pectoralis major) meat was collected and characterized by pH 24 and L * 24 as normal (pH 24 5.8 to 6.2, L * 24 45 to 55) or PSE-like (pH 24 5.4 to 5.7, L * 24 55 to 65) samples. Normal broiler breast meat had lower shear force values than PSE-like meat (P < 0.05). Based on sensory descriptive analysis, normal cooked chicken breast meat was more tender and juicier than PSE-like breast meat (P < 0.05). Consumer sensory analysis results indicated that 81% of consumer panelists liked normal breast meat whereas 62% of the panelists liked PSE-like breast meat. Whole muscle proteome profiling identified fifteen differentially abundant proteins in normal and PSE-like broiler breast samples. Actin alpha, myosin heavy chain, phosphoglycerate kinase, creatine kinase M type, beta-enolase, carbonic anhydrase 2, proteasome subunit alpha, pyruvate kinase, and malate dehydrogenase were over-abundant (P < 0.05) in PSE-like broiler breast whereas phosphoglycerate mutase-1, alpha-enolase, ATP-dependent 6-phosphofructokinase, and fructose 1,6-bisphosphatase were over-abundant (P < 0.05) in normal meat. Thus, results indicated that differences in proteome abundance could be related to the meat quality differences between normal and PSE-like broiler breast meat.
INTRODUCTION
A combination of rapid postmortem glycolysis and high temperature (above 35 • C) can lead to the production of pale, soft, and exudative (PSE) broiler breast meat (Alvarado and Sams, 2003) . PSE meat is associated with lighter appearance, softer texture, lower water holding capacity, excessive yield losses, and formation of soft gels when compared to normal meat (Owens et al., 2000; Alvarado and Sams, 2003; Barbut et al., 2005) . The use of PSE meat negatively affects the sensory quality and protein functionality of further pro-proteomics has been applied to examine the role of diet on broiler growth and meat quality (Paredi et al., 2012) . However, proteomics has not been utilized to characterize the fundamental basis of PSE in chicken. Therefore, the aim of this study was to identify the proteome differences between normal and PSE-like chicken breast meat and to determine their relationship to meat quality. The specific objectives of the current study were:
(1) to evaluate the differences in cooking loss and shear force of normal and PSE-like broiler breast meat; (2) to determine differences in descriptive sensory characteristics and consumer acceptance of normal and PSE-like broiler breast meat; and (3) to correlate meat quality parameters to the differentially abundant muscle proteome components in normal and PSE-like broiler breast meat.
MATERIALS AND METHODS

Broiler Processing and Sampling
Male Hubbard × Cobb 500 broilers (n = 1,050) were raised on ad libitum feed and water for 8 wk at the Mississippi State University poultry farm. Prior to harvest, a sample of the broilers were subjected to shortterm stress to produce a percentage of PSE-like breast meat. Short-term stressed broilers (n = 900) were hand caught, released to a lighted poultry house at 38 • C for 2 h whereas control broilers (n = 150) were hand caught, placed in live haul crates at 21 • C for 2 h, and then slaughtered. Stressed (300 per d) and control (50 per d) broilers were processed on d 40, 47, and 54 (n = 3 replications) at the Mississippi State University poultry processing facility according to an approved animal welfare protocol . The broilers live weight averaged 2.8. 3.6, and 4.3 kg at 40, 47, and 54 d, respectively. Broilers were manually hung by their feet in plastic shackles and electrically stunned by placing their heads in a saturated saline batch (11.5 V, <0.5 mA AC to DC current for 50 s). They were subsequently exsanguinated for 140 s by cutting the jugular vein, scalded (53.3 • C for 191 s), and their feathers were picked for 35 s [Baader-Johnson, Kansas City, KS]. Heads and feet were manually removed and viscera were mechanically removed. Whole carcasses from the control and stressed birds were stored separately in metal containers (173 cm in length, 85 cm in width, and 68.5 cm in depth) in ice water for 4 h postmortem to mimic the commercial chilling process, and then hand deboned. After deboning, samples were placed in gallon-size Ziploc bags (SC Johnson, Racine, WI) and placed in a walk in cooler (2 to 4 • C) for 24 h.
Normal breast meat samples were characterized by a 24 h postmortem pH (pH 24 ) of 5.8 to 6.2 and a CIE L * at 24 h postmortem (CIE L * 24 ) of 45 to 55, and PSElike breast meat samples were characterized by a pH 24 of 5.4 to 5.7 and a CIE L * 24 of 55 to 65. The incidence of PSE-like meat from the control and stressed treatments was 3% and 10% based on pH and color measurements.
Samples were considered PSE-like instead of PSE since purge loss and/or drip loss was not measured. From normal and PSE-like broiler breast (pectoralis major) samples, one breast half was used for cooking loss and shear force evaluation, and the remaining breast half was used for sensory descriptive analysis and consumer acceptability testing. Samples were vacuum packaged (Prime Source Vacuum, Nylon/PE 3 mil standard barrier pouches, 8 × 12 inch, Kansas, MO) and stored at -20 • C for 30 to 60 d until cooking loss, tenderness, sensory descriptive analysis, and consumer acceptability testing were conducted. For pH, color, cooking loss, and shear force analysis, normal (18 samples per replication) and PSE-like broiler (18 samples per replication) breast meat samples were utilized. For proteomic analysis, 5 g samples were cut from the top (dorsal side) of a subset of 18 normal (n = 6 samples per replications) and 18 PSE-like breast fillets (n = 6 samples per replication) and vacuum packaged (Prime Source Vacuum, Nylon/PE 3 mil standard barrier pouches, 6 × 8 inch, Kansas, MO) prior to storage at -80 • C. From these 18 samples, a total of 6 samples (2 samples per replication) were utilized for proteomic analysis for both PSE-like and normal breast samples.
pH Measurement and Instrumental Color Evaluation
A pH meter (Model Accumet 61a, Fisher Scientific, Hampton, NH) was used to measure the pH of the breast fillet on the processing line at 15 min postmortem by inserting a pH probe (Model FlexipHet SS Penetration tip, Cole Palmer, Vernon Hills, IL) 2.5 cm below the top of the pectoralis major muscle at approximately 2.5 cm from the cranial end of the fillet and 2.5 cm from the keel on the sternum. The pH and color of normal and PSE-like broiler breast meat samples were determined at the medial surface (bone side) of the breast muscle at 3 different locations (cranial, medial, and caudal) at 24 h postmortem. The pH 24 was measured using a pH meter (Model Accumet 61, Fisher Scientific, Hampton, NH) with an attached meat penetrating probe (Penetration tip, Cole Palmer, Vernon Hills, IL). Color was evaluated using a chroma meter (Model CR-400, Minolta Camera Co Ltd, Osaka, Japan) with an 8 mm port size, 2 • observer, and a D65 illuminant, and expressed as CIE L * 24 (lightness), a * 24 (redness), and b * 24 (yellowness) (Kin et al., 2009) . It was also noted that there was minimal incidence of white striping and no incidence of woody breast meat among broiler breast samples.
Cooking Loss and Warner Bratzler Shear Force Determination
Frozen normal and PSE-like broiler breast meat samples were thawed overnight at 4 • C for cooking loss and shear force determinations. Samples were weighed and baked in a preheated oven (Viking, Greenwood, MS) to a final internal temperature of 77 • C. Internal temperature of the broiler breast samples was monitored using thermocouples and a data logger (Model UWTR, Omega Engineering, Stamford, CT). After cooking, the broiler breast samples (normal and PSE-like) were cooled to room temperature (22 ± 2 • C). Cooking loss of normal and PSE-like samples was reported as a percentage and calculated as: (initial weight-final weight)/(initial weight) × 100 (Kin et al., 2009) . For shear force analysis, 6 adjacent 1 cm (width) × 1 cm (thickness) × 2 cm (length) strips were cut from each normal and PSE-like breast, parallel to the direction of the muscle fibers. Samples were sheared perpendicular to the muscle fibers using a Warner-Bratzler shear attachment that was mounted to an Instron Universal Testing Center (Model 3300, Instron, Norwood, MA) (Meek et al., 2000) .
Descriptive and Consumer Sensory Analysis
Descriptive sensory analysis of normal and PSE-like broiler breast meat samples was conducted (trained panelists = 8, replications = 3). Trained panelists had more than 100 h experience in muscle food sensory evaluation and were trained for 20 h for descriptive analysis of broiler breast samples according to Meilgaard et al. (2007) . During training, the panelists characterized the broiler breast samples with the following sensory descriptive attributes: oral texture (tenderness, juiciness, and overall juiciness), flavor (brothy, chickeny/meaty, rancid, cardboardy, metallic, and off-flavor), and basic tastes (sour, salty, bitter) that have been used as sensory descriptors in previous studies (Lyon et al., 2004; Fanatico et al., 2007; Zhuang et al., 2007; Zhuang and Savage, 2010) . Normal and PSE-like broiler breast samples were cooked as described in the cooking loss section. Cooked broiler breast samples were kept warm (60 to 70 • C) in 7.6 L chafer dishes (53042, Polar ware, Kiel, WI) until panelists evaluated the samples but no longer than 30 min. Each panelist received one 2.5 × 2.5 × 2.5 cm piece of both normal and PSE-like cooked broiler breast in a random order in 57 mL plastic containers that were labeled with 3-digit random numbers. Panelists were randomly assigned 4 broiler breast pieces (2 pieces each of normal and PSE-like breast meat samples) that they evaluated on a 0 (none) to 15 (high intensity or extremely) cm line scale on a computer equipped with Compusense version 5.2 (Guelph, Ontario, Canada).
Consumer acceptability testing of normal and PSElike broiler breast samples was conducted (panelists = 55 to 60 per replication; replications = 2). Normal and PSE-like broiler breast samples were cooked as described in the cooking loss section. Cooked broiler breast samples were cooled at room temperature for 15 min, cut into 2.5 × 2.5 × 2.5 cm cubes, and kept warm (60 to 70 • C) in 7.6 L chafer dishes (53042, Polar ware, Kiel, WI) until panelists evaluated the samples but no longer than 30 min. Each panelist received one 2.5 × 2.5 × 2.5 cm piece of both normal and PSE-like cooked broiler breast in a random order in 57 mL plastic containers that were labeled with 3-digit random numbers. Panelists were asked to evaluate the broiler breast sample's overall acceptability, and the samples acceptability with respect to appearance, aroma, texture, and flavor on a 9-point hedonic scale on a computer equipped with Compusense version 5.2 (Guelph, Ontario, Canada). The hedonic scale was defined as follows: 9-Like extremely; 8-Like very much; 7-Like moderately; 6-Like slightly; 5-Neither like nor dislike; 4-Dislike slightly; 3-Dislike moderately; 2-Dislike very much; 1-Dislike extremely (Meilgaard et al., 2007) . For descriptive and consumer sensory analysis, each panelist was provided with a tray containing coded broiler breast samples, water, apple juice, unsalted crackers, and an expectoration cup.
Whole Muscle Proteome Isolation
Whole muscle proteome of normal and PSE-like broiler breast samples was extracted according to Lametsch et al. (2003) . Frozen normal and PSE-like muscle tissues (2 g) were homogenized in 8 mL of rehydration buffer (7 M urea, 2 M thiourea, 3% CHAPS, 60 mM DTT, 0.3% Bio-Lyte 3/10 ampholyte (Bio-Rad, Hercules, CA), and 0.001% Bromophenol blue). Homogenates were incubated on ice for 2 h using an orbital shaker (Bellco-Glass Inc, NJ). Subsequently, the homogenates were centrifuged (Sorvall-RC-5C centrifuge, Connecticut) at 10,000 × g for 30 min at 4 • C. Supernatants were collected as the whole muscle proteome.
Two Dimensional Electrophoresis (2-DE)
Protein concentration for each whole muscle proteome extract was determined using the Bradford assay (Bio-Rad, Hercules, CA). After protein quantification, protein cleanup (∼325 μg) was conducted using a cleanup kit (Bio-Rad) prior to suspending the cleaned samples in 225 μl of rehydration buffer for 30 min at 20 • C. Cleaned protein samples were applied onto immobilized pH gradient (IPG) strips (pH 3 to 10, 11 cm) and subjected to passive rehydration for 13 h. After rehydration, first-dimension isoelectric focusing (IEF) was conducted using a Protean IEF system (Bio-Rad). The voltage was initially set at 250 V, with a rapid increase in voltage to 8000 V, to achieve a final total voltage of 25 kVh. Subsequently, the IPG strips were equilibrated twice for 15 min each in 4 mL of Equilibration buffer 1 (6 M urea, 30% glycerol, 2.0% SDS, 50 mM Tris HCl, 2.0% DTT, and 0.001% Bromophenol blue) and 4 mL of Equilibration buffer 2 (6 M urea, 30% glycerol, 2.0% SDS, 50 mM Tris HCl, 2.5% iodoacetamide, and 0.001% Bromophenol blue). Proteins were resolved in the second dimension on 12% SDS-PAGE (37.5:1 ratio of acrylamide to bis-acrylamide) using a Criterion system (Bio-Rad). For whole proteome analysis, normal (n = 6, 3 samples × 2 replications) and PSE-like (n = 6, 3 samples × 2 replications) broiler breast samples were used giving a total of 24 gels (2 treatments × 6 broilers × duplicate gels). Gels were stained in Coomassie blue (Gelcode, IL) for 24 h and destained until the background stain was removed.
Gel Image Analysis
Gel images were captured using an imaging system (FOTO Analyst Luminary FX workstation, FotoDyne, Hartland, WI) prior to analysis by PDQUEST software (Bio-Rad). Protein spots from the normal and PSE-like meat gel images were detected, matched with the aid of landmarks, and normalized by expressing the relative quantity of each spot (ppm) as the ratio of individual spot quantity to the total quantity of each valid spot. Protein spots were considered differentially abundant between normal and PSE-like groups when they exhibited a 1.5-fold or more intensity difference that was associated with a 5% statistical significance (P < 0.05) in the Student's t-test (Joseph et al., 2012) .
Protein Identification by Mass Spectrometry
The excision, reduction, alkylation and in-gel tryptic digestion of protein gel spots were carried out according to Desai et al. (2014) . Extracted peptides were concentrated by vacuum centrifugation and injected for nano-LC-MS/MS analysis. LC-MS/MS analysis was performed using an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) coupled with an Eksigent Nanoflex cHiPLC TM system (Eksigent, Dublin, CA) through a nano-electrospray ionization source. The mass analysis method consisted of one segment with 8 scan events. The first scan event was an Orbitrap MS scan (100−1,600 m/z) with 60,000 resolutions for parent ions followed by data dependent MS/MS for fragmentation of the 7 most intense ions with the collision induced dissociation (CID) method. The LC-MS/MS data were submitted to a local MAS-COT server for MS/MS protein identification via Proteome Discoverer version 1.3 (Thermo Fisher Scientific) using a custom database of Gallus gallus (chicken) downloaded from Uniprot.
Statistical Analysis
Prior to harvest, a sample of the broilers were subjected to short-term stress (38 • C for 2 h) whereas the remaining broilers were subjected to control conditions (21 • C for 2 h). From the stressed and control broilers, normal and PSE-like breast (pectoralis major) meat samples were selected based on pH and color at 24 h postmortem. A randomized complete block design (replications as blocks) with 3 replications were utilized to test the treatment (normal vs. PSE-like) effects (P < 0.05) on cooking loss, shear force, descriptive sensory analysis, and consumer sensory acceptability (SAS version 9.4, NC,USA). The blocking factor p-values were between 0.05 and 0.30 for all response variables. This indicated that blocking was effective at controlling variability between differences in broilers age from replication 1 to replication 3. The Fisher's Protected Least Significant Difference (LSD) test was used to separate the treatment means (P < 0.05). For consumer sensory analysis, agglomerative hierarchical clustering (AHC) using Wards Method (XLSTAT, New York) was performed to group panelists in clusters based on their liking of broiler breast meat samples. The number of clusters used to group panelists was determined based on a dendrogram and a dissimilarity plot. A randomized complete block design (panelists as blocks) was used within each cluster, and the Fisher's Protected LSD test was used to separate treatment means within each cluster (P < 0.05). In addition, the PROC CORR procedure was used to determine the Pearson's correlation coefficients between the differentially abundant protein spots and the meat quality parameters (pH 24 , color (L * 24 , a * 24 , b * 24 ), and shear force).
RESULTS AND DISCUSSION
pH and Instrumental Color
The pH of the breast meat at 15 min postmortem was less (P < 0.05) for PSE-like meat than normal meat (Table 1) . However, the pH range for PSE-like meat at 15 min postmortem was 5.63 to 6.26, and the pH 15 min postmortem range for normal meat was 6.13 to 6.60. Since these ranges overlapped, only CIE L * and pH at 24 h postmortem were used to characterize normal and PSE-like meat (Table 1) .
Cooking Loss and Warner Bratzler Shear Force Determination
No differences existed (P > 0.05) in cooking loss between normal and PSE-like broiler breast meat samples (Table 1) . This was unexpected because lower pH in PSE breast meat is usually associated with greater cooking loss. In previous studies, higher cooking loss was reported in PSE (26.2-26.4%) when compared to the cooking loss of normal (21.0-23.0%) broiler breast fillets (Woelfel and Sams, 2001; Woelfel et al., 2002) . In the aforementioned studies, normal and PSE breast meat samples were collected from a commercial processing plant and were characterized based on L * , pH, and expressible moisture at 24 h postmortem. However, in the current study, normal and PSE-like breast fillets were collected from control and stressed broilers, and were characterized only based on pH and L * values measured at 24 h postmortem. In the present study, the lack of difference in cooking loss between normal and PSE-like breast meat may have been due to purge loss in the PSE-like meat due to packaging and freezing. This would minimize differences in cooking loss because the moisture content would be lower in PSE-like meat. This purge loss may also have contributed to relatively small differences in shear force among the normal and PSE-like breast meat. Shear force values (N) were greater (P < 0.05) for cooked PSE-like broiler breast meat samples than for normal cooked broiler breast meat samples (Table 1) . For normal broiler breast strips, 31 out of 324 (10%) of the strips that were sheared had shear force values greater than 30 N, indicating that these samples were neither tender nor tough. These 31 strips were from 12 of the 54 normal breast samples, which is 22% of the breast samples. On the other hand, 81 out of 318 (25%) of the PSE-like strips that were sheared had shear force values greater than 30 N. These 81 strips were from 34 of the 54 PSE-like breast samples, which is 63% of the PSE-like breast samples. In addition, 6 out of 54 (12%) of the PSE-like breast samples had strips with shear force values greater than 40 N, indicating that these samples were slightly tough. Previous studies have reported higher shear force values in PSE broiler breast meat when compared to normal breast meat. Zhuang and Savage (2010) reported Warner-Bratzler shear force values of 47.0 ± 14.7 N and 31.4 ± 15.7 N in light (L * > 60) and medium (L * < 55) cooked broiler breast fillets, respectively. Furthermore, Droval et al. (2012) reported shear force values of 24.7 ± 5.7 N and 40.8 ± 11.2 N in normal and PSE cooked broiler breast meat, respectively. These values for PSE samples are greater than what was reported in the current study.
Descriptive and Consumer Sensory Analysis
Normal breast meat was more tender and juicy (P < 0.05) than cooked PSE-like breast meat samples (Table 2) . Descriptive sensory texture scores for normal and PSE-like cooked broiler breast samples are in agreement with Warner-Bratzler shear force values in which higher shear force values were observed in cooked PSElike breast meat when compared to normal breast meat (Tables 1 and 2) . Zhuang and Savage (2010) reported higher intensity scores for textural attributes such as cohesiveness, hardness, rate of breakdown, and chewiness in light (L * > 60) colored broiler breast fillets. PSE-like breast meat had slightly higher (P < 0.05) cardboardy flavor than normal breast meat, but no other differences (P > 0.05) existed in flavor attributes and basic tastes ( Table 2) . Zhuang and Savage (2010) reported no differences in the flavor intensity scores between light (L * > 60), medium (55 < L * < 60), and dark (L * < 55) broiler breast fillets after cooking.
On average, no differences (P > 0.05) were observed in appearance, aroma, flavor, texture and overall acceptability of normal and PSE-like broiler breast meat samples (Table 3 ). The average scores for appearance, aroma, flavor, texture, and overall acceptability for normal and PSE-like broiler breast samples ranged between 'like slightly' and 'like moderately' (Table 3) . The lack of difference in the consumer acceptability scores between the normal and PSE-like broiler breast samples may be due to only a subset of panelists differing in their acceptability ratings. To further elucidate the consumers liking of normal and PSE-like broiler breast meat, agglomerative hierarchical clustering was conducted. The panelists were separated into 5 clusters based on their overall acceptability ratings for normal and PSE-like broiler breast meat samples (Table 4 ). Cluster 1 (29.0% of panelists) rated breast meat between 'like slightly' and 'like very much', and preferred (P < 0.05) PSE-like breast meat over normal. Table 3 . Mean consumer acceptability scores of appearance, aroma, texture, flavor, and overall acceptability of normal and PSE-like broiler breast meat determined by consumer panels (n = 117 panelists).
Treatment Appearance acceptability Aroma acceptability Flavor acceptability Texture acceptability Overall acceptability Normal 6.4 6.4 6.3 6.2 6.3 PSE-like 6.5 6.3 6.1 5.9 6.0 SEM 0.10 0.10 0.10 0.10 0.10 a,b Means within a column without superscript letters are not different within each treatment (P > 0.05). Hedonic scale was based on a 9-point scale (1 = dislike extremely; 5 = neither like nor dislike; 9 = like extremely). Hedonic scale was based on a 9-point scale (1 = dislike extremely; 5 = neither like nor dislike; 9 = like extremely). Cluster 2 (29.9% of panelists) rated the samples between 'like moderately' and 'like very much', but preferred (P < 0.05) normal broiler breast meat over PSElike broiler breast meat (Table 4 ). Panelists in cluster 3 (15.4%) did not like breast samples from either treatment. Panelists in cluster 4 (3.4%) preferred (P < 0.05) PSE-like broiler breast meat over normal breast meat samples but only consisted of 4 out of 117 panelists (Table 4 ). Panelists in Cluster 5 (22.2%) preferred (P < 0.05) normal broiler breast meat over PSE-like broiler breast meat samples (Table 4 ). In terms of preference, 52.1% of the panelists preferred normal meat over PSElike breast meat and 32.4% of the panelists preferred PSE-like over normal. Overall, 81% of the consumers liked normal broiler breast meat (score ≥ 6) and 62% of the consumers liked PSE-like broiler breast meat (scores ≥ 6). Table 5 reports the instrumental quality parameters that characterize the PSE-like and normal chicken breast samples that were used for whole muscle pro- Tables 5 and 6. teome analyses. Image analyses of the whole muscle proteome gels revealed fifteen differentially abundant protein spots between normal and PSE-like breast (pectoralis major) meat samples (Figure 1 , Table 6 ). Eleven protein spots were over-abundant (P < 0.05) in PSE-like meat samples. These proteins were identified as actin alpha, myosin heavy chain (in 2 different spots), phosphoglycerate kinase, creatine kinase M type (in 2 different spots), beta-enolase, carbonic anhydrase 2, proteasome subunit alpha, pyruvate kinase, and malate dehydrogenase (Table 7) . Four proteins were over-abundant (P < 0.05) in normal meat samples and were identified as phosphoglycerate mutase-1, alpha-enolase, ATP-dependent 6-phosphofructokinase, and fructose 1,6-bisphosphatase (Table 7) . Both myosin heavy chain (spots 2 and 9) and creatine kinase M type (spots 5 and 6) were observed in 2 different spots (Table 7 ). In the present study, the presence of the same protein in 2 different spots could be attributed to protein fragmentation or post-translational modifications (Hamelin et al., 2007; Jia et al., 2009 ).
Whole Muscle Proteome Analysis
Glycolytic Enzymes
Phosphoglycerate Kinase (PGK) and Betaenolase Phosphoglycerate kinase (PGK) and betaenolase were over-abundant (P < 0.05) in PSE-like meat (Table 7) . During glycolysis, PGK produces For each spot, parameters related to protein identification are provided, including accession number; species; Protscore and number of matched peptides; sequence coverage of peptides in LC-MSMS. a Spot number refers to the numbered spots in gel image (Figure 1 ). ATP and 3-phosphoglycerate from ADP and 1, 3-bisphosphoglycerate, and enolase converts phosphoglycerate into phosphoenolpyruvate (Watson and Littlechild, 1990; Keller et al., 2000; Ohlendieck, 2010) . Jia et al. (2006a) used the whole muscle proteome extract to study the changes in enzymes associated with energy metabolism during antemortem and early postmortem in longissimus thoracis bovine muscle, and results indicated an over-abundance of PGK and betaenolase in longissimus muscles postmortem compared to muscles collected antemortem. These enzymes contributed to an increased rate of glycolysis and meat quality variation in longissimus muscles. In our study, PGK was 2.5-fold and beta-enolase was 2.9-fold overabundant in PSE-like meat (Table 7) and is indicative of an increased glycolytic activity and hence a lower pH in PSE-like meat. Furthermore, in the present study, PGK and beta-enolase were negatively correlated with pH 24 and were positively correlated with L * 24 and shear force (Table 8) .
Pyruvate Kinase M type (PKM) Pyruvate kinase M type (PKM) was over-abundant (P < 0.05) in PSE-like meat (Table 7) . This is a key enzyme involved in the last step of the glycolytic cycle, which converts phosphoenol pyruvate to pyruvate (Fontanesi et al., 2008) . Mekchay et al. (2010) used the whole muscle proteome extract to determine the tenderness differences in Thai native and commercial broiler muscles and reported that PKM, phosphoglycerate mutase (PGAM), and triose phosphate isomerase (TPI) were 1.3 fold less abundant in the low-shear force group of Thai native broiler samples. Similarly, in the present study, PKM was 1.6 fold less abundant (P < 0.05) in normal meat with lower shear force values (Tables 1 and 7) . Lametsch et al. (2011) studied the postmortem changes in pork muscle protein phosphorylation in relation to the RN genotype using the sarcoplasmic protein fraction and indicated that glycogen phosphorylase, phosphofructokinase (PFK), and PKM were affected by the RN genotype. Moreover, the results indicated that the phosphorylation of these enzymes might be related to a more extended pH decline in the RN genotype. Similar to phosphoglycerate kinase and beta-enolase, the overabundance of PKM in PSE-like meat was negatively correlated with pH 24 and was positively correlated with L * 24 and b * 24 (Table 8) .
Phosphoglycerate
Mutase -1(PGM-1) Phosphoglycerate mutase-1 (PGM-1) was over-abundant (P < 0.05) in normal meat (Table 7) . This enzyme converts 3-phosphoglycreate into 2-phosphoglycerate using 2, 3 biphosphoglycerate as a cofactor in the glycolytic cycle (Qiu et al., 2008) . Proteomic analysis of Thai native and commercial broiler muscles indicated that pyruvate kinase muscle, phosphoglycerate mutase (PGM), and triose phosphate isomerase were 1.3 fold less abundant in the low-shear force group of Thai native broiler samples when compared to the commercial broiler samples (Mekchay et al., 2010) . In contrast, in our study, PGM-1 was 2.0 fold over-abundant in normal meat samples when compared to PSE-like meat samples (Table 7 ). The differences in the abundance of PGM-1 may be due to genetic variability in the broilers, i.e. commercial broiler in the present study instead of Thai native broiler that were evaluated in the referenced study. Moreover, in the present study, the overabundance of PGM-1 in normal meat was positively correlated with pH 24 and was negatively correlated with L * 24 (Table 8) . Alpha-enolase Alpha-enolase was over-abundant (P < 0.05) in normal meat (Table 7) . Di Luca et al. (2013) examined the proteome profile of pork longissimus muscles with varying levels of drip loss and reported the presence of alpha-enolase in drip. In contrast, in our study, the proteome in normal and PSElike meat drip loss was not taken into consideration. It will be interesting to determine if alpha-enolase is greater in the drip loss from PSE-like breast meat when compared to normal meat. Moreover, in the present study, alpha-enolase was over-abundant in normal meat and was positively correlated with pH 24 and was negatively correlated with L * 24 and shear force (Table 8) .
ATP dependent 6-Phosphofructokinase (PFK)
ATP-dependent 6-phosphofructokinase (PFK) was over-abundant (P < 0.05) in normal meat (Table 7) . In the glycolytic cycle, PFK is a rate limiting enzyme that converts fructose-6-phosphate to fructose-1,6-biphosphate (Ohlendieck, 2010; England et al., 2014) . A previous study on the relationship between postmortem changes in pork muscle and RN genotype indicated that glycogen phosphorylase, PFK and pyruvate kinase were affected by the RN genotype (Lametsch et al., 2011) . In addition, the results indicated that the phosphorylation of these enzymes might be related to the increased rate of pH decline in the RN genotype. In contrast, PFK was over-abundant in normal meat in the current study. The differences in protein abundance may be due to species, because pectoralis major broiler muscles were evaluated in the present study in comparison to pork longissimus muscles that were evaluated in the referenced study. In the present study, PFK abundance was positively correlated with pH 24 and was negatively correlated with L * 24 and b * 24 (Table 8) . Fructose 1,6-bisphosphatase (FBP) Fructose 1,6bisphosphatase (FBP) was over-abundant (P < 0.05) in normal meat (Table 7) . FBP and aldolase catalyze the hydrolysis of fructose 1,6-bisphosphate to fructose 6-phosphate (Rakus et al., 2004) . Doherty et al. (2004) studied the soluble proteome changes in layer chicken pectoralis muscle from 1 to 27 d after hatching. In this study, an increase in birds' age from d 1 to 27 resulted in a 44-fold increase in pectoralis muscle mass, which led to a substantial increase in glycolytic enzymes in the soluble proteome. Fructose 1,6-bisphosphatase (FBP) was identified as one of the proteins in the soluble pectoralis muscle proteome. The current study indicates that glycolytic enzymes (phosphoglycerate mutase-1, alpha-enolase, ATP-dependent 6-phosphofructokinase, and fructose 1,6-bisphosphatase) are over-abundant in normal meat. Therefore, further research is needed to examine the role of these enzymes in postmortem glycolysis and meat quality.
Myofibrillar Proteins
Two myofibrillar proteins (actin alpha and myosin heavy chain) that are involved in muscle contraction were over-abundant (P < 0.05) in the PSE-like group (Table 7) . A myosin molecule consists of 2 myosin heavy chains, 2 alkali light chains, and 2 other light chains (Rathgeber, 2000) . Protein identification is based on matched peptides and sequence coverage. Higher score and greater sequence coverage indicates a greater chance for the identified protein to be intact protein. However, differentiating between intact protein and fragments is not possible, and a spot could be either an intact protein or its fragment. Therefore, the myosin heavy chains that were identified could either be intact or fragments. Choi et al. (2007) evaluated the influence of myosin light chain and heavy chain isoforms on the early postmortem glycolytic rate and meat quality traits in porcine longissimus muscle. In this study, the myosin heavy chain isoform was overabundant in the fast-glycolyzing group when compared to the normal-glycolyzing group. Moreover, in the same study, the myosin heavy chain (fast/slow) ratio was negatively correlated to early postmortem muscle pH (r = −0.51). Similarly, in our study, myosin heavy chain was over-abundant in PSE-like meat and was negatively correlated with pH 24 (Table 8) . Lametsch et al. (2003) used the whole muscle proteome extract to examine the postmortem proteome changes in porcine muscles and related the proteome changes to tenderness. In this study, actin and myosin heavy chain spot intensity was negatively correlated (r = −0.44 to −0.55) whereas myosin light chain spot intensity was positively correlated (r = 0.49 to 0.59) with Warner-Bratzler shear force. In a similar study, postmortem proteolysis and its relationship to meat quality was examined in pig longissimus muscle using the whole muscle proteome and results indicated that myosin light chain 1 and actin were positively correlated (r = 0.70 to 0.75) with Warner-Bratzler shear force (Hwang et al., 2005) . Similar to other studies, actin alpha and myosin heavy chain were over-abundant in PSE-like meat and were positively correlated (r = 0.66 to 0.73) with shear force (Table 8) .
Malate Dehydrogenase (MDH)
Malate dehydrogenase (MDH) was over-abundant (P < 0.05) in PSE-like meat (Table 7) . This enzyme catalyzes the interconversion of oxaloacetate and malate utilizing the NAD/NADH coenzyme system and also plays an important role in the malate/aspartate shuttle across the mitochondrial membrane (Minárik et al., 2002) . Previous studies have identified malate dehydrogenase (MDH) as a potential meat quality marker. Laville et al. (2007) compared the sarcoplasmic proteome between 2 different groups (tough and tender) of pig longissimus muscles and 14 proteins were differentially abundant between the 2 groups. MDH was over-abundant in the tough group. Te Pas et al. (2013) identified MDH as a potential marker in pork longissimus dorsi muscles with varying ultimate pH and drip loss. In our study, the over-abundance of MDH in PSE-like meat was negatively correlated with pH 24 and was positively correlated with L * 24 and shear force (Table 8 ). Although the present study indicates an overabundance of MDH in PSE-like meat, further investigation is needed to elucidate the role of MDH in the accelerated postmortem glycolysis that is observed in PSE-like meat.
Creatine Kinase M-type (CKM)
Creatine kinase M-type (CKM) was over-abundant (P < 0.05) in PSE-like meat (Table 7) . CKM converts creatine phosphate into creatine and ATP and has both structural and enzymatic functions (van de Wiel and Zhang, 2007; Phongpa-Ngan et al., 2011) . Rathgeber et al. (1999) detected 2 glycolytic enzymes (creatine kinase and glycogen phosphorylase) in the myofibrillar protein extract of rapid glycolyzing turkey breast meat (pH ≤ 5.8 at 15 min postmortem) that were not present in normal glycolyzing (pH > 6.0 at 15 min postmortem) turkey breast meat. In addition, previous research reported that CKM was overabundant in the sarcoplasmic protein fraction of breast meat from chickens with increased growth rate and lower water-holding capacity (Phongpa-Ngan et al., 2011) . Sayd et al. (2006) investigated the sarcoplasmic protein expression in pork semimembranosus muscles that were selected based on L * values (light and dark) at 36 h postmortem. Similar to our results, CKM was over-abundant in light muscles when compared to their darker counterparts. In addition, Laville et al. (2005) characterized PSE zones in the myofibrillar and sarcoplasmic protein fractions of pig semimembranosus muscle and reported that 16 proteins were affected in PSE meat, in particular, myosin light chain, creatine kinase, and troponin T were overabundant in PSE meat when compared with control meat. Based on these reports, the over-abundance of CKM in PSE-like meat could be related to lower pH 24 and higher L * 24 and shear force that is observed in PSElike meat (Table 8 ).
Carbonic Anhydrase 2
Carbonic anhydrase 2 was over-abundant (P < 0.05) in PSE-like meat (Table 7) . Carbonic anhydrase 2, also known as carbonate dehydratase, catalyzes the reversible hydration of carbon dioxide (Hamelin et al., 2007) . Previous investigations have identified carbonic anhydrase as a possible meat quality marker. Hwang et al. (2005) studied postmortem proteolysis and its relation to meat quality in pig longissimus muscles and identified carbonic anhydrase as a potential biomarker for determining pork quality. Furthermore, Damon et al. (2013) examined the association between gene expression and meat quality in pork longissimus muscle whole muscle proteome extracts and reported that carbonic anhydrase gene expression was negatively correlated with ultimate pH and was positively correlated with drip loss and L * value. Similar results were observed in our study, in which carbonic anhydrase was negatively correlated with pH 24 and was positively correlated with L * 24 and shear force (Table 8 ).
Proteasome Subunit Alpha
Proteasome subunit alpha was over-abundant (P < 0.05) in PSE-like meat (Table 7) and is involved in postmortem protein degradation (Sentandreu et al., 2002) . Jia et al. (2006b) used the whole muscle proteome extracts to evaluate the changes in enzymes associated with antemortem and early postmortem energy metabolism in 2 different bovine muscles (M. longissimus dorsi and M. semitendinosus) and reported an over-abundance of proteasome subunit alpha in postmortem muscle samples when compared to samples collected antemortem. In a similar study, Jia et al. (2007) examined the proteome changes in the whole muscle proteome extract of longissimus thoracis bovine muscle at different postmortem storage periods (1, 2, 3, 6, 10, and 24 h). Results indicated an increase in abundance of proteasome subunit beta at 24 h postmortem. In the present study, the over-abundance of proteasome subunit alpha in PSE-like meat was negatively correlated with pH 24 and was positively correlated with shear force values ( Table 8) .
The results of the present study indicate that the over-abundance of proteins involved in glycolytic, muscle contraction, proteolytic, ATP regeneration, energy metabolism and CO 2 hydration in PSE-like breast meat may be related to the meat quality differences between normal and PSE-like breast meat. Based on the protein markers identified in the present study, future studies should focus on identifying the genes responsible for differences in protein abundance and their relationship to poultry meat quality. In addition, further studies will focus on stressing birds of different genetic strains to find out how the protein abundance is related to genetic selection in order to help decrease the incidence of PSE-like meat in the poultry industry.
